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ABSTRACT
We apply the jet model developed in the preceding paper of Zdziarski et al. to the hard-
state emission spectra of Cyg X-1. We augment the model for the analytical treatment of the
particle evolution beyond the energy dissipation region, and allow for various forms of the
acceleration rate. We calculate the resulting electron and emission spectra as functions of the
jet height, along with the emission spectra integrated over the outflow. The model accounts
well for the observed radio, infrared, and GeV fluxes of the source, although the available
data do not provide unique constraints on the model free parameters. The contribution of the
jet emission in the UV–to–X-ray range turns out to be in all the cases negligible compared to
the radiative output of the accretion component. Nevertheless, we find out that it is possible
to account for the observed flux of Cyg X-1 at MeV energies by synchrotron jet emission, in
accord with the recent claims of the detection of strong linear polarization of the source in that
range. However, this is possible only assuming a very efficient particle acceleration leading
to the formation of flat electron spectra, and jet magnetic fields much above the equipartition
level.
Key words: acceleration of particles–binaries: general–ISM: jets and outflows–radio contin-
uum: stars–stars: individual: Cyg X-1–X-rays: binaries.
1 INTRODUCTION
Upper limits on the flux from Cyg X-1 at photon energies > 30
MeV and a detection of 0.1–10 GeV emission in the hard spectral
state of Cyg X-1 have recently been reported using the Fermi Large
Area Telescope (LAT; Malyshev, Zdziarski & Chernyakova 2013,
hereafter MZC13). Although the detection has a limited statisti-
cal significance, it has been confirmed by the independent work of
Bodaghee et al. (2013), who found variable emission using the LAT
data in the hard and intermediate states, but not in the soft state.
The spectra and upper limits of MZC13 complement the previously
known radio–to–hard X-ray spectra of Cyg X-1 in the hard state,
e.g., the average one compiled in Zdziarski, Lubin´ski & Sikora
(2012) and shown in Fig. 1. We apply to these data the jet model
developed in Zdziarski et al. (2014), hereafter Paper I.
We take into account, in particular, the possibility that the
MeV tail in the hard state of the source is due to the jet synchrotron
emission, as implied by the recent claims of very strong linear po-
larization in that energy range (Laurent et al. 2011; Jourdain et al.
2012). We find that the combination of a high flux around MeV en-
ergies (if interpreted as synchrotron radiation) and a low flux above
30 MeV requires rather strong jet magnetic field (much above the
equipartition level), necessary to reduce the strength of Compton
scattering in high-energy γ-rays.
We note that the statistical significance of the result of
Laurent et al. (2011) appears rather low, since the distribution of the
azimuthal scattering angle presented in their fig. 2 is independent
only up to 180◦. There is also a disagreement regarding the polar-
ization in the 250–400 keV band, which was found weak and con-
sistent with null by Laurent et al. (2011), whereas Jourdain et al.
(2012) found it to be ≃ 50 per cent. In addition, Laurent et al.
(2011) found the polarization above 400 keV to be 67 ± 30 per
cent compared to the best fit at > 100 per cent in the 370–850
keV band found by Jourdain et al. (2012, see figure 4 therein). The
agreement of the polarized fraction with Laurent et al. (2011) at
76 ± 15 per cent claimed by Jourdain et al. (2012) was obtained
only by adding the two channels within the 230–850 keV range.
The results regarding the 230–370 keV band are thus quantitatively
different between the two papers. This could be, in principle, due to
the somewhat different observation periods on which the two works
are based, 2003–2009 for Laurent et al. (2011) vs. 2006–2009 for
Jourdain et al. (2012).
Then, in the 370–850 keV band of Jourdain et al. (2012), the
minimum χ2 appears to be obtained at the polarization fraction of
∼ 150 per cent. If we compare the χ2 not at this unphysical value
but at ∼ 70 per cent polarization (consistent with the stated frac-
tions of Laurent et al. 2011 and Jourdain et al. 2012) with the χ2
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Figure 1. The hard-state broad-band spectrum of Cyg X-1 shown together with our jet models (a) 1 and (b) 2. Fluxes in the radio/mm range from Pandey et al.
(2007) and Fender et al. (2000), along with the total IR fluxes (Persi et al. 1980; Mirabel et al. 1996), are denoted with black circles. The IR spectra of the
jet component from Rahoui et al. (2011) are given as black curves. Small black squares correspond to the X-ray data points from BeppoSAX (Di Salvo et al.
2001), and soft γ-ray data points from INTEGRAL IBIS (Zdziarski et al. 2012) and CGRO COMPTEL (McConnell et al. 2002). Note that the spectrum below
20 keV represents a typical hard state spectrum of the source (which is absorbed by an intervening medium). Finally, black squares and arrows at high
energies denote the detected fluxes and the derived upper limits from Fermi-LAT (30 MeV–0.3 TeV; MZC13) and MAGIC (> 0.1 TeV; Albert et al. 2007).
The green short-dashed curve corresponds to the stellar blackbody continuum. The dotted cyan curve shows the estimated unabsorbed accretion spectrum with
(a) and without (b) a hybrid Comptonization tail (Poutanen & Vurm 2009). The red solid curves give the model jet-synchrotron spectra. The magenta dotted,
cyan short-dashed, green long dashed, and blue solid curves illustrate the pair-absorbed SSC, BBC, XC, and the sum of the SSC+BBC+XC jet components,
respectively. (a) The model 1 with soft electron injection spectrum (p = 2.5), in which the MeV tail is due to hybrid Comptonization in the accretion flow
(cyan dotted curve). (b) The model 2 with hard electron injection spectrum (p = 1.4), in which the observed MeV tail is due to the jet synchrotron emission.
at null polarization, the resulting ∆χ2 is <∼ 5 for 41500 degrees of
freedom. Thus, the statistical significance of the presence of strong
polarization at that channel appears weak. Therefore, we also con-
sider models in which the jet does not account for the MeV tail.
In Section 2, we outline the method applied to model the data,
and specify the adopted parameters of Cyg X-1. We extend the
model presented in Paper I for an analytical treatment of the particle
evolution beyond the energy dissipation region (see Appendix A).
Sections 3.1–3.3 give results of the application of our model to the
average hard-state spectrum of Cyg X-1. We present here a num-
ber of alternative models fitting the data. In Section 3.4, we present
two models reproducing the spectrum of the TeV flare detected by
MAGIC (Albert et al. 2007). We discuss our results in Section 4,
and give our conclusions in Section 5.
2 THE MODEL, PARAMETERS, AND ASSUMPTIONS
We use the same parameters of Cyg X-1 and its jet as those
adopted by MZC13, which we list in Table 1 (note that the
last four parameters are not independent). The most recent de-
termination of the parameters of the binary is that of Zio´łkowski
(2014), who re-examined previous estimates of Zio´łkowski (2005),
c© 2013 RAS, MNRAS 000, 1–13
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Table 1. Parameters of Cyg X-1 adopted in this work.
P M M∗ r∗ T∗ i D βj Θj zM Et0 F(15 GHz) L∗ a Γj Rg
d M⊙ M⊙ R⊙ K deg kpc deg cm eV mJy erg s−1 cm cm
5.6 16 27 19 2.8 × 104 29 1.86 0.6 2 1015 0.15 13 8 × 1038 3.2 × 1012 1.25 2.36 × 106
Table 2. The free parameters of the models and the derived quantities.
model p γm B0 zm/Rg a/zm γt0 γb0 lg(βeq) lg(σeq) lg(Pe) lg(Pi) lg(PB) lg(Pinj) lg(Pad) lg(PS) lg(PBBC) lg(Rinj) lg(Re)
×104 @zm @zm @zM ≤ @zM ≥ ≥
1 2.5 2 0.9 777 1760 29 78 1.2 −3.7 34.7 36.6 33.5 35.7 35.6 34.0 33.6 40.9 40.0
1m 2.5 300 7 341 4010 10 2.9 −0.42 −0.60 34.1 34.4 34.6 35.0 34.8 34.6 33.7 38.0 37.8
2 1.4 2 50 285 4800 3.9 0.07 −1.6 2.4 34.5 33.8 36.1 35.8 34.7 35.8 33.6 37.8 37.3
2a 1.43 2 50 271 5060 3.9 0.07 −1.6 3.6 34.5 33.9 36.1 35.8 34.7 35.8 33.7 38.0 37.3
2m 1.5 300 100 167 8180 2.8 0.03 −1.7 3.8 34.5 33.7 36.3 35.8 34.7 35.8 33.5 37.2 37.1
MZC-1 3.2 2 0.25 829 1650 55 950 3.8 −6.5 36.3 38.3 32.4 – 37.1 33.8 34.2 – 41.7
MZC-2 2.3 2 4 1110 1230 14 2.8 −1.7 −0.52 33.4 34.9 35.1 – 34.2 35.8 33.1 – 38.3
Notes: Parameters of the different models discussed in Sections 3.1–3.3 of this paper are compared with those of the models 2, 1 presented in MZC13
(denoted here as MZC-1 and MZC-2). In the models 1, 1m, and MZC-1 the MeV tail of Cyg X-1 is assumed to originate in the accretion flow, whereas in
the models 2, 2a, 2m, and MZC-2 it is accounted by the jet synchrotron emission. The model 2a is a variant of 2 with the advection taken into account. The
models 1m and 2m are variants of models 1 and 2, respectively, with high low-energy cutoff in the electron injection function. The first four listed quantities
are the model free parameters, and the remaining ones are the model-derived parameters. The values of σeq and PB are for tangled magnetic field. Various
components of the jet power provided here can be compared to the average hard-state bolometric accretion luminosity of Cyg X-1, lg(Laccr) ≃ 37.3, and the
Eddington luminosity, lg(LE) ≃ 39.3. The units of B, P and R are G, erg s−1, s−1, respectively.
Caballero-Nieves et al. (2009) and Orosz et al. (2011). Different
than Orosz et al. (2011), Zio´łkowski (2014) took into account that
Cyg X-1 is still in the stable, core H-burning, phase, as evidenced
by the observed stability of the period, P, and of the average X-
ray luminosity (see discussions in Zio´łkowski 2005, 2014). This
implies a tight correlation between the mass and the luminos-
ity, which is violated by the best fit of Orosz et al. (2011). Tak-
ing it into account, we adopt the black hole mass, M, the donor
mass, M∗, radius, r∗, the effective temperature, T∗, and the bi-
nary inclination, i, as given in Table 1. The distance, D, is from
Reid et al. (2011), the jet velocity, βj (assumed to be constant along
the jet), is based on Stirling et al. (2001), Gleissner et al. (2004)
and Malzac, Belmont & Fabian (2009), and the opening angle, Θj,
is the upper limit of Stirling et al. (2001). These parameters cor-
respond to the stellar luminosity, L∗, the separation between the
components, a, the jet bulk Lorentz factor, Γj, and the gravitational
radius, Rg, as given in Table 1.
We assume the jet is perpendicular to the binary plane. The
radio structure seen by Very Large Array (VLA) and Very Long
Baseline Array (VLBA) at 8.4 GHz extends up to zM ∼ 1015 cm
(Stirling et al. 2001; Rushton 2009; Rushton et al. 2011). We as-
sume this value as the jet height, which corresponds to zM ≃ 300a,
and which also approximately equals the height of the dissipation
region in the internal shock model for the hard state of black-hole
binaries of Malzac (2013). The entire emitting jet becomes opti-
cally thin above the turnover energy, Et0. The adopted value of Et0
(Table 1) is based on the results of Rahoui et al. (2011). The flux
in the partially self-absorbed region is normalized to the average
hard-state flux at 15 GHz (Table 1).
Fig. 1 includes the same average hard-state broad-band spec-
trum of Cyg X-1 as that of Malyshev et al. (2013) except that we
now show also the average fluxes at 235 MHz and 610 MHz based
on Pandey et al. (2007). Given that one of their 610-MHz measure-
ments has an error much smaller than all other ones, the weighted
average is strongly dominated by that single measurement even
if we include two non-detections (on MJD 53104, 53127) as null
fluxes with the errors equal to the upper limits. Therefore, we
give the unweighted averages of the detections only (MJD 52891,
53102, 53107), yielding 5.8 ± 3.0 mJy and 8.3 ± 1.3 mJy, at 235
MHz and 610 MHz respectively.
Theoretical spectra of the jet emission are calculated using the
model developed in Paper I. We take into account all relevant radia-
tive processes. These are synchrotron radiation, synchrotron self-
Compton (SSC), and Compton upscattering of stellar blackbody
photons (BBC) and of the accretion flow photons (XC). The ac-
cretion flow photons are described with a disc and hot inner flow
model (see Yuan & Narayan 2014 and references therein). The ac-
cretion disc is assumed to extend between rin = 5 × 107 cm and
rout = 2×1011 cm (the exact values of which influence only little our
results), and to have the maximum temperature of kTin = 150 eV
with the colour correction of fc = 2, based on Shimura & Takahara
(1995). This disc soft X-ray spectrum agrees well with the observed
spectrum of Di Salvo et al. (2001), which is typical for the hard
state. At high energies, we use the hybrid Comptonization fit to
the INTEGRAL data of Zdziarski et al. (2012). The resulting model
spectrum is shown in Fig. 1. Its total luminosity is Laccr ≃ 2.0×1037
erg s−1.
We use the same notation as Paper I (see Section 2 therein
for details). The height along the jet is expressed in units of zm,
ξ ≡ z/zm, where zm marks the onset of the energy dissipation within
the outflow. The magnetic field strength is B = B0(z/zm)−1, and
the jet is assumed to be conical with the opening angle of Θj. The
minimum electron Lorentz factor, γ, down to which we calculate
the steady-state distribution, is assumed to be γ0 = 2. The electrons
are accelerated in the dissipation region, zm ≤ z ≤ zM, and injected
with a power-law rate above a minimum Lorentz factor of γm,
Q(γ, z) =
{ 0, γ < γm or zm > z > zM;
Q0(z/zm)−3γ−pgcut(γ, γM), γ ≥ γm and zm ≤ z ≤ zM, (1)
c© 2013 RAS, MNRAS 000, 1–13
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where gcut(γ, γM) describes the high-energy cutoff (see Paper I).
Given theoretical uncertainties in the determination of the exact
spectral shape of a cut-off in the injection particle distribution
Q(γ, z), instead of specifying the gcut(γ, γM) function, below we
simply assume the super-exponential form of the high-energy cut-
off in the corresponding steady-state electron distribution N(γ, z),
namely
fcut(γ, γM) = exp
[
−(γ/γM)2
]
, (2)
where γM(B0, z, ηacc) ∝ z1/2 is given by equations (6) and (5) of
Paper I. With the adopted δ-function approximation in the syn-
chrotron emissivity, E/(mec2) = (B/Bcr)γ2, the cutoff in the model
synchrotron spectra is then exponential, ∝ exp(−E/EM), where EM
is the corresponding photon e-folding energy.
Paper I presented two methods of calculating N(γ, z). In the
simpler method, the electron distribution is solved locally including
the effect of self-absorption, and electron advection along the jet is
neglected, This yields a relatively simple formula for N(γ, z),
N(γ, z) = −1
γ˙(γ, z)
∫ ∞
γ
dγ′′Q(γ′′, z). (3)
The effect of the synchrotron self-absorption, which makes γ˙(γ, z)
itself dependent on N(γ, z), can be taken into account using the ap-
proximation of equation (12) of Paper I. The equation for N be-
comes then a quadratic one, see equation (46) of Paper I.
In the other method, electron advection along the jet is taken
into account via the continuity equation solved in both electron en-
ergy and length along the jet,
Γjβjc
z2
∂
∂z
[
z2N(γ, z)
]
+
∂
∂γ
[
γ˙(γ, z)N(γ, z)] = Q(γ, z), (4)
where γ˙ is the total electron energy loss rate. If Klein-Nishina (KN)
effects (important in Cyg X-1) are taken into account, this transport
equation has to be solved numerically. Also, in such a case there is
no simple way to account for self-absorption effects. Given that cal-
culating Compton-scattered spectra averaged over the binary phase
and jet length involves additional multi-dimensional integrals (see
Paper I), using a numerical solution for N(γ, z) increases substan-
tially the complexity of the calculations and the computation time.
However, it has been shown in Paper I that the two solutions
are very close to each other for the particular form of Q(γ, z) as-
sumed here (equation 1), i.e., for constant monochromatic power
injected per ln z. For adiabatic losses only, the two solutions coin-
cide except around z = zm, at which height the advective solution
is assumed to have the null boundary condition. When radiative
losses are added, the two solutions converge even faster (see fig.
4 in Paper I). Thus, we use in the present paper the local solution
including continuous electron injection and cooling, equation (3),
within the dissipation region. Still, in order to quantify the effect
of advection, we also discuss the analytical advective solution for
the case of dominant synchrotron losses (equation 40 in Paper I)
up to zM. We compare it with our model 2 (Section 3.2), for which
synchrotron losses dominate.
On the other hand, the electron advection becomes crucial at
z > zM, i.e., above the dissipation region, since the only relativistic
electrons there are those advected from z ≤ zM. As we found out
in our calculations, relativistic electrons at z = zM may still carry a
significant fraction of the jet power, Pe, comparable to that carried
by the other plasma constituents (see Table 2). This power is then
radiatively and adiabatically lost at z > zM. In order to treat that
region, we extend the model described in Paper I for the analytical
treatment of the particle evolution beyond the dissipation zone, as
presented in Appendix A below. We obtain a very simple formula
for N(γ, z > zM), given by equations (A3–A6).
After specifying the fixed system parameters as given in Table
1, the six free parameters of a model are ηacc, Q0, p, zm, B0, and γm,
which can be determined using the spectrum observed from Cyg
X-1, augmented by theoretical considerations. The dimensionless
factor ηacc determines EM. We assume here ηacc = 0.008, which
reproduces the cutoff of the MeV tail of Cyg X-1. We choose the
value of either γm = 2 or 300, which corresponds to a usual single
power-law injection or that with a low-energy cutoff due to equipar-
tition with ion energy (see the discussion in Paper I). The remaining
four parameters can be determined by four other observables. Here
we choose them as the flux at 15 GHz, the turnover energy (Table
1), and the fluxes at 1 MeV and 1 GeV. The main observational
uncertainty is the jet flux at 1 MeV. As discussed in Section 1, the
observed MeV flux may or may not be due to synchrotron emission
of the jet. If we assume it does, then we specify F(1 MeV) uniquely.
If we attribute the MeV tail to another process (most likely hybrid
Comptonization in the accretion flow), then we are free to choose
F(1 MeV), as long as it is well below the observed flux. We then
follow the solution method outlined in section 6 of Paper I.
In Table 2, we list the obtained values of the free parameters
except for Q0, for which we provide instead both the total rate and
the power in the injected electrons, Rinj and Pinj, given by equations
(54) and (55) of Paper I, respectively. Table 2 also gives the Lorentz
factor of electrons providing the dominant contribution to the emis-
sion (at zm) at Et0, γt0, and the Lorentz factor at which N(γ, zm)
steepens due to radiative cooling, γb0. The electron equipartition
parameter, βeq, depends on the pressure of relativistic electrons,
which evolves along the outflow due to radiative cooling. Radiative
cooling influences also the power carried by relativistic electrons,
Pe. Thus, we give both quantities at the maximum height of the
dissipation region, where they are maximized. The magnetization
parameter, σeq, is the ratio of the magnetic enthalpy to the particle
enthalpy. The latter has a major contribution from ions, while in
our model only a lower limit on the ion density is obtained from
the density of relativistic electrons. The ion enthalpy is also pro-
portional to the ion contribution to the jet power, Pi. Thus, σeq and
Pi parameters in Table 2 correspond to the upper and lower limits,
respectively. Also, the flux of all the electrons in the jet, Re, may be
contributed substantially by cold electrons, and therefore the given
value is a lower limit only. Table 2 also gives the jet power in the
magnetic field, PB, the components of the radiative power in the
synchrotron, PS, and the BBC process, PBBC, and the power lost
adiabatically, Pad.
MZC13 have presented jet models of Cyg X-1 neglecting
cooling and advection, and instead assuming the electron steady-
state distribution to be a single power law with an exponential
cutoff; such an approach is commonly used in the literature (see,
e.g., Bosch-Ramon, Romero & Paredes 2006). For completeness,
we also give the parameters of the models of MZC13 in Table 2.
We note that an inner part of the counterjet, z < rout/ tan i ∼
1012 cm, is obscured by the accretion disc. Also, the counterjet
emission is de-boosted. Thus, we do not include the synchrotron
emission from the counterjet in our model spectra. On the other
hand, we take into account the counterjet contribution to the Comp-
ton spectra, which is enchanced due to the Compton anisotropy,
favouring large-angle scattering. Also, we include the counterjet in
calculating components of the system power.
c© 2013 RAS, MNRAS 000, 1–13
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Figure 2. The cooling rate ratio γ˙BBC/γ˙S as a function of the jet height,
z/a, in the Thomson limit and for the optically-thin synchrotron (i.e., for
γ <∼ 104), and in the KN regime (at γ = 105), shown by the red solid
and black dashed curves, respectively, for the model 1. In the KN case, this
ratio is a function of both z and γ. The plotted range of z/a corresponds to z
between zm and zM.
3 ELECTRON AND EMISSION SPECTRA OF CYG X-1
3.1 Soft injection spectrum
We first consider the case with the standard, soft electron-injection
spectrum, p = 2.5 (corresponding to the spectral index of the un-
cooled optically-thin synchrotron emission of α = 0.75). With
this, we calculate the model spectra (hereafter model 1) shown
in Fig. 1(a), with the parameters given in Table 2. The obtained
value of zm corresponds to the maximum dimensionless height
of ξM ≡ zM/zm ≃ 5.4 × 105. The spectrum around the turnover
energy at the jet base is due to the uncooled electrons. In this
model, the MeV tail is not produced by the jet, but instead has to
be due to a different process, most likely hybrid Comptonization
in the accretion flow (McConnell et al. 2002; Poutanen & Vurm
2009; Malzac & Belmont 2009; Veledina, Poutanen & Vurm 2011,
2013).
We find that virtually all the observed emission (including ra-
dio) originates from z < zM. Although the electrons still carry a
significant power at zM, Pe ∼ 0.1Pinj in Table 2, that power is lost
at z > zM mostly adiabatically, with only ∼ 10−3 radiated away via
the BBC process, which is in part due to the softness of the injected
electron distribution.
The electron equipartition parameter is ∼ 10, but since elec-
tron energy density is dominated by the lowest energy particles,
we can reach βeq ∼ 1 by a moderate increase in γm (which is very
weakly constrained by the observed spectrum). Alternatively, we
can obtain βeq ∼ 1 by a slight decrease of p, but then the stronger
magnetic field required to reproduce F(1 GeV) would result in
γb0 > γt0. This inequality would imply that the synchrotron emis-
sion at the turnover is dominated by the cooled electrons, and the
emission continuum has no cooling break in its optically-thin part
(which, however, is not constrained by observations). The magne-
tization parameter is very low, and the flow dynamics is dominated
by ions. This model accounts well for the 0.1–0.3 and 1–10 GeV
fluxes measured with the LAT.
In the model considered, the energy loss rate due to the SSC
process, γ˙SSC, is always much smaller compared to the total cooling
0.001 0.01 0.1 1
100
200
500
1000
2000
5000
1 ´ 104
za
Γ
b
Figure 3. The break electron Lorentz factor, γb , vs. z/a within the validity
of the Thomson approximation for the parameters of the model 1. The red
solid and black dashed curves give the accurate dependence of equation (49)
and the approximation of equation (50) of Paper I, respectively.
rate, γ˙, and thus this process is negligible for determination of the
steady-state electron distribution, N(γ, z). Similarly, the loss rate
due to scattering of accretion photons, γ˙XC is significantly below
the total loss rate. Specifically, the global maximum of γ˙XC/γ˙ ≃
0.13 is reached at z = zm for γ ≃ 120. These results are consistent
with the spectral components due to the SSC and XC processes
being also of minor importance compared to the synchrotron and
BBC spectra (see Fig. 1).
The solid curve in Fig. 2 shows the ratio γ˙BBC/γ˙S as a func-
tion of z/a for scattering in the Thomson limit (where this ratio is
independent of γ). The ratio is initially increasing ∝ z2 since the
flux of the stellar radiation is approximately constant along the jet
for z ≪ a whereas the magnetic field is decreasing. At z ∼ 0.05a,
the BBC losses start to dominate the synchrotron ones. Then, for
z >∼ a, the stellar radiation becomes diluted approximately as z−2,
which is the same dependence as for the synchrotron cooling. Thus,
the γ˙BBC/γ˙S ratio becomes a constant. The dashed curve shows the
same ratio in the KN regime calculated for γ = 105. The ratio is
now lower, due to the KN reduction of γ˙BBC, but the qualitative de-
pendence on z is the same. Fig. 3 shows the position of the cooling
break Lorentz factor, γb (see Paper I for details), along the jet (for
γ ≤ 104, up to which the Thomson limit applies). We see an ap-
proximately flat/inverted part in the range of z ∼ (0.03–1)a, which
is due to the dominance of the undiluted blackbody cooling in that
region.
The steady-state electron distribution at four values of ξ is
shown in Fig. 4(a). The distribution at ξ = 10 is dominated by adi-
abatic cooling at γ <∼ 102 and by synchrotron cooling at γ >∼ 103.
At ξ = 103, we see first the cooling break due to the BBC pro-
cess, and then a strong increase of N(γ, z) with respect to that of
the Thomson approximation (shown by the dot-dashed curve) at
γ >∼ 104, which is due to the KN reduction of the BBC cooling. The
KN effect is maximized around this ξ because the synchrotron and
adiabatic cooling dominate at lower and higher values of ξ, respec-
tively. At ξ = 105, the cooling is mostly adiabatic. The slight bent
at the lowest values of γ is due to the adiabatic loss being linear in
the momentum, βγ, rather than γ, equation (8) in Paper I. The dis-
tribution at ξ = 107 is at ≃ 18zM, and thus consists only of electrons
advected from the acceleration region and cooled on the way.
Fig. 5(a) shows the contributions to the total synchrotron spec-
trum from logarithmic height intervals at three values of ξ. The su-
perposition of the partially self-absorbed parts results in the power-
law slope of the radio continuum of α = 0 below the turnover en-
ergy. The bulk of the observed optically thin synchrotron emission
is produced around the vicinity of the jet base. Note that the slope
c© 2013 RAS, MNRAS 000, 1–13
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Figure 4. Self-consistent electron distributions for (a) model 1. The black
dotted, blue dashed, magenta solid and red dashed curves correspond to
ξ = 10, 103 , 105 , 107 (≃ 18ξM), respectively. The last N(γ, ξ) is due to ad-
vection of the electrons from the acceleration region. The blue dot-dashed
curve shows the distribution in the Thomson approximation at ξ = 103
(∼ 0.5a), which illustrates the importance of KN effect around this height.
(b) The model 2. The cyan solid, black dotted, green dot-dashed, and blue
dashed curves correspond to ξ = 1, 101, 102 , 103 , respectively. We see
a pronounced effect of the synchrotron self-absorption at low γ and ξ,
strongly reducing the synchrotron cooling and increasing N(γ, z) at the low-
est γ to the values corresponding to the adiabatic cooling only. If radiative
cooling were neglected altogether, the ξ2γ2N(γ, z) distributions would be
independent of height for all models.
of the optically-thin emission changes from mostly cooled one at
the jet base to fully uncooled at large heights. The hardening seen
at E >∼ 30 keV in the spectrum at ξ = 103 is due to the KN reduction
of the Compton cooling of the emitting electrons.
Fig. 6(a) shows the corresponding vertical profiles of the syn-
chrotron flux at three radio frequencies, which are within the par-
tially self-absorbed part of the spectrum. The dependencies of the
fully self-absorbed and optically-thin parts are ∝ z5/2 and ∝ z(1−p)/2
at z < zM, see equation (71) of Paper I. Thus, the optically-thin con-
tribution, emitted by uncooled electrons, dominates the total flux.
The kinks in the profiles correspond to zM, and the emission beyond
zM is due to electrons advected from the region of z ≤ zM. We see
that the maximum of 15 GHz emission occurs at z ≃ 1.7a. This is
in a qualitative agreement with the observed strong orbital modu-
lation at that frequency, which is well fitted by wind absorption of
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Figure 5. Contributions to the total synchrotron spectrum of the model (a) 1,
(b) 2, and (c) 1m, shown in Figs. 1(a–b) and 12, from the logarithmic height
intervals at ξ = 10, 103, 105, denoted by the black dotted, blue dashed, and
magenta solid curves, respectively.
the jet emission from z ∼ a (Zdziarski 2012). We also see the de-
pendence of the height corresponding to the highest contribution of
z ∝ ν−1 (Blandford & Ko¨nigl 1979).
Fig. 7 shows the dependence of the jet synchrotron spectrum
on ξM. There is virtually no effect of ξM changing from 3×104 to 3×
106 on the spectrum at E >∼ 10−3 eV. However, the lowest ξM gives
the spectrum in the GHz range much below the radio data. Given
that the transition from the optically thick to optically thin regimes
take place approximately at ν ∝ z−1 Blandford & Ko¨nigl (1979),
the ratio zM/zm has to be larger than the ratio of the highest to lowest
energies in the optically-thick, α ≃ 0, part of the spectrum. The best
fit to the data appears to be provided by the middle case. Note that
the two data points at the lowest energies are based on only three
measurements each, see Section 2, making their averages relatively
uncertain.
Fig. 8(a) shows the BBC spectra from four values of ξ, and
Fig. 9 shows the corresponding spatial profiles at 1 GeV and 0.5
TeV. From both figures, we see the BBC emission is dominated by
z ∼ 103zm ∼ a/2. This is in agreement with the linear dependence
of the BBC flux on the number of scattering electrons in the undi-
luted blackbody region, i.e., at z <∼ a, and the effect of blackbody
dilution at higher z. The peak of the 0.5 TeV emission is at a higher
c© 2013 RAS, MNRAS 000, 1–13
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Figure 6. Vertical profiles of the contribution to the synchrotron flux per
unit ln ξ at 2 GHz, 8 GHz and 15 GHz, shown by the blue dotted, red dashed
and black solid curves, respectively, for the model (a) 1 and (b) 2. We can
see that the observed flux at a given frequency has a higher contribution
from the optically-thin part (at high z) than from the optically-thick part
(at low z). The kinks correspond to zM, and the emission beyond it is from
advected electrons.
z than that for 1 GeV, which is due to the scattering to 0.5 TeV be-
ing in the KN regime. Then, the synchrotron cooling is relatively
more important at a given z than in the Thomson regime (see Fig. 2)
and a higher z is required for the BBC emission to be strong (while
still in the undiluted blackbody density regime).
We then consider the effect of pair absorption on the spectrum.
Fig. 10 shows the pair-absorption optical depth, τγγ as a function
of E for three orbital phases, φb (defined to be 0 at the superior
conjunction), and z ≃ a, around which height the high-energy γ-ray
emission peaks, as shown above. We see that τγγ becomes > 1 at
E >∼ 0.2 TeV at the superior conjunction. We note that τγγ decreases
rather fast with z (see also Romero, Del Valle & Orellana 2010). At
E = 0.5 TeV and the superior conjunction, τγγ ≃ 9.2, 1.6, 1.0, 0.4
for z = 0, a, (4/3)a and 2a, respectively. Also, τγγ decreases fast
with φb, as shown for z = a by the red dotted curve in Fig. 11. On
the other hand, the unabsorbed BBC component peaks at φb = 0,
due to the Compton anisotropy, shown by the blue dashed curve in
Fig. 11. The black solid curve in Fig. 11 shows the absorbed 0.5
TeV flux, which, for the above value of z, peaks at an intermediate
phase.
3.2 Hard injection spectrum
Subsequently, we assume that the observed MeV tail is due to the
jet synchrotron emission (model 2). The resulting spectra are shown
in Fig. 1(b), and the parameters of the model are given in Table 2.
In this model, the injection electron distribution is very flat, and the
magnetic field energy density is significantly above the equiparti-
Figure 7. The dependence of the synchrotron spectrum of the model 1
(shown in Fig. 1a) on the total jet height, for ξM ≡ zM/zm = 3 × 104
(≃ 5.5×1013 cm), 3×105 (≃ 5.5×1014 cm) and 3×106 (≃ 5.5×1015 cm),
shown by the green dashed, blue dotted, and red solid curves, respectively.
The radio and mm data are also shown.
Figure 8. Contributions to the total BBC spectrum (before pair absorption)
of the model (a) 1, (b) 2, shown in Fig. 1, from the logarithmic height in-
tervals at ξ = 102 , 103 , 104 , 105 , shown by the cyan solid, blue dashed, red
dotted and magenta solid curves, respectively.
tion level. The synchrotron continuum above the turnover energy is
due to the cooled electrons, γb0 ≪ γt0. Consequently, the optically-
thick part is strongly affected by the height-dependent cooling, re-
sulting in the effective synchrotron spectrum α > 0 in the radio–to–
IR range.
In this model, very little of the observed emission originates
from z > zM. The electron power, Pe(zM) ∼ 0.1Pinj, is lost mostly
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Figure 9. Profiles of the emitted (i.e., before pair absorption) BBC flux per
ln z for the model 1. The blue dashed and red solid curves are for E = 1
GeV and 0.5 TeV, respectively.
Figure 10. The optical depth to pair production from the jet at the height
of 3.2 × 1012 cm (≃ a; at which the 0.5 TeV BBC emission is maximized)
towards the observer (at i = 29◦) for the orbital phase of φb = 0 (the superior
conjunction), ±pi/2 and pi (the inferior conjunction), shown by the black
solid, red dashed and blue dotted curves, respectively.
adiabatically at z > zM, as in model 1. There is now a substan-
tial contribution to the total BBC power (≃ 35 per cent) from
z > zM. However, the corresponding contribution to the observed
BBC spectrum is small because most of the jet BBC emission is
directed back to the star due to the Compton anisotropy. On the
other hand, there is a larger contribution from the counterjet, but it
is relativistically de-boosted.
The steady-state electron distribution at four values of ξ is
shown in Fig. 4(b). The KN effects are not important here, be-
cause of the dominance of the synchrotron cooling. On the other
hand, we see a strong effect of the synchrotron self-absorption at
low values of γ and ξ, which reduces the synchrotron cooling and
increases N(γ, z) to the level corresponding to the adiabatic cool-
ing only. However, this happens at rather low values of γ, and it
does not affect optically-thin synchrotron and Compton spectra.
The optically-thick synchrotron spectrum is not affected either as
it is approximately independent of N(γ, z); see equation (67) in Pa-
per I. At γ ≫ γt0, the distributions are entirely cooled at ξ <∼ 102,
but become partly uncooled at higher ξ. The cooled, high-energy
segments of the electron distributions follow z2N(γ, z) ∝ z scaling
Figure 11. The orbital-phase dependence of emission and absorption at 0.5
TeV. The blue dashed curve shows the normalized profile of the BBC flux
for model 1, which peaks at the superior conjunction due to the anisotropy
of Compton scattering. The red dotted curve shows the pair-production at-
tenuation at z = a, which is also strongest at the superior conjunction. The
black solid curve shows the BBC flux observed from this z (the product of
the two functions).
(proportional to the electron number per unit height; see equations
48–49 of Paper I).
Fig. 5(b) shows the contributions to the total synchrotron spec-
trum from logarithmic height intervals at increasing ξ. We see that
the highest ξ dominate at E >∼ 1 eV. This is a consequence of the
assumed form of Q(γ, z), which, for p < 2, yields a slightly increas-
ing integrated injected power per ln z (Paper I). Fig. 6(b) shows the
corresponding vertical profiles of the synchrotron flux at three ra-
dio frequencies, dominated by the emission of uncooled electrons.
The slopes at z ≤ zM follow the same formulae as model 1, see
above. However, the emission peaks at z a factor of ≃ 2 higher,
which requires then a higher wind density than in model 1 in order
to account for the observed orbital modulation (Zdziarski 2012).
Fig. 8(b) shows the contributions to the total BBC spectra from
logarithmic height intervals at increasing ξ. We see that the region
at z ∼ 2a (ξ ∼ 104) dominates the BBC emission, except for the
TeV region, where even higher values of z dominate. Some offset
to higher z with respect to model 1 is a consequence of z2N(γ, z) ∝ z
scaling in the model 2, which favours scattering in the highest parts
of the jet.
We also comment here on the full advective solution for
N(γ, z). We use now the electron distribution of equation (40) of Pa-
per I, giving the analytical advective solution for the case with the
dominant synchrotron losses, instead of the local-cooling solution
(45). The advective solution does not take into account the influ-
ence of self-absorption on N(γ, z), which effect is, however, weak
(see above). We find the effect of advection on the resulting electron
and emission spectra is rather minor. Although N(γ, z = zm) ≡ 0 for
solutions with advection, the electron density reaches the cooled
form rather quickly. In particular, the height at which the self-
absorption optical depth is maximized is ξτ ≃ 1.028, i.e., almost
equal to ξτ = 1 of local-cooling models. Table 2 lists the parame-
ters of this model, denoted there as 2a. We see these are virtually
identical to the corresponding parameters of the local model 2. (The
only exception is the value of σeq, which formally goes to infinity
c© 2013 RAS, MNRAS 000, 1–13
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at ξ = 1 because N(γ) ≡ 0 there; the value given in Table 2 cor-
responds to ξτ.) This confirms one of the main results of Paper I,
namely that the effect of advection is minor for the Q(γ, ξ) ∝ ξ−3
type injection rate in conical jets.
3.3 Low-energy electron cut-off
Finally, we consider the effect of a high low-energy cut-off in the
electron injection function (see Paper I). We now assume the min-
imum Lorentz factor of the accelerated electrons of γm = 300. We
have calculated the models 1m and 2m, analogous to the previously
discussed models 1 and 2 (with γm = 2), respectively. The corre-
sponding model parameters are given in Table 2. Fig. 12 presents
the resulting model 1m spectra (the spectrum of the model 2m is
rather similar to that shown in Fig. 1b, as can be inferred from Ta-
ble 2).
Contributions to the synchrotron spectrum from several values
of ξ for the model 1m are shown in Fig. 5(c). Similarly to model 2,
models 1m and 2m do not show any distinct break at the turnover
energy; also the contributions to the observed spectra from z > zM
are negligible, similarly to the cases of models 1 and 2.
Overall, the main effect of the increased γm for model 1 is
on energetics, with the Pi for model 1m lower now by a factor
> 102. Also the values of βeq and σeq have significantly changed.
For model 2, the changes are minor because the injected electron
distribution is hard.
3.4 The MAGIC flare
As we see in Fig. 11, the emitted BBC flux is strongest at the su-
perior conjunction, due to the Compton anisotropy. This may ex-
plain the orbital phase of φb/2pi = 0.90–0.91 of the flare observed
by the MAGIC telescope in the 0.2–1 TeV energy range on MJD
54002.928–982 (Albert et al. 2007), provided the pair opacity is
low. The MAGIC spectrum is shown in Fig. 13 together with the si-
multaneous hard X-ray spectrum from INTEGRAL, which revealed
an increase by a factor of ∼ 3 with respect to the average hard-state
spectrum (Malzac et al. 2008). Using the formalism of Paper I, the
optical depth for the 0.5 TeV photons is τγγ < 1 at z >∼ 1.3a. Thus,
the MAGIC flare can possibly be explained if most of the TeV emis-
sion took place at such heights, as earlier found by Romero et al.
(2010).
Unfortunately, the available broad-band data at the time of the
MAGIC flare are rather sparse, and do not allow for a unique deter-
mination of the model parameters. In particular, there was neither
radio nor GeV monitoring around this event. Observations simul-
taneous with MAGIC are available only in the X-ray band, see the
Swift-BAT and RXTE-ASM data in Albert et al. (2007), and INTE-
GRAL data in Malzac et al. (2008). However, since production of
X-rays is strongly dominated by the accretion flow, those data do
not provide spectral constraints on the models of the TeV flare pro-
duction in a jet. Still, the found coincidence of the TeV flare with
the observed increase of the X-ray activity strongly suggests that
the TeV flare resulted from a temporary change of the conditions at
the jet base. Since the duration of the flare, ∼ 5000s, is longer than
the observer-frame time of propagation of the jet over the region
where most of BBC radiation is produced, z ∼ a, such an event can
be approximated by a steady-state model.
We thus consider two simple scenarios, representing modi-
fications of the soft and hard injection models. In the first one,
we temporarily increase the electron injection rate. In the second
scenario, we assume that some unspecified process decreases tem-
porarily the jet magnetic energy flux, and increases the amplitude
of the electron distribution; this results in a temporarily increased
rate of the Compton scattering. In both cases, we keep all other pa-
rameters fixed as before. Naturally, more than one parameter could
have changed in reality, including, e.g., ηacc in addition to Q(γ) and
B. The considered scenarios are therefore only the two examples
used to investigate if the developed jet model can account for the
TeV flare of Cyg X-1.
In our soft-injection model 1, which we now consider as the
underlying steady state during which the TeV flare happened, the
magnetic field is rather weak. Then, the energy losses at high γ and
z (which are responsible for the TeV emission) are almost com-
pletely dominated by the adiabatic and BBC processes. Thus, there
will be a unique shape of the high-energy BBC spectrum, depen-
dent only on the form of the acceleration function, Q(γ). The γ-ray
flux of that spectrum is then ∝ Q(γ), and independent of the model
magnetic field. Therefore, this scenario requires a temporary in-
crease of the acceleration rate in order to explain the flare. This
could have happened, e.g., due to an interaction of the jet with a
clump in the stellar wind of the companion (Romero et al. 2010).
Below we consider a simple model assuming an increase of the
injection normalization, Q0. We note, however, that the increase
could involve only the high-energy segment of the electron distri-
bution (at γ >∼ 105), which is responsible for the production of the
≥ 0.2 TeV photons.
In the local approximation, the steady-state electron distribu-
tion is thus given by equation (3) with γ˙ ≃ γ˙ad + γ˙BBC. Then, equa-
tions (70), (74) of Paper I give us the emitted BBC spectrum at the
orbital phase of the flare, which then is subject to pair absorption.
The resulting spectrum at Q0 increased by a factor of 100 at the
orbital phase of φb/2pi = 0.9 is shown in Fig. 13. We see it repro-
duces well the MAGIC data. We also show the flux of the hard-state
flare reported at a different time by AGILE (Sabatini et al. 2010).
We see that our model reproduces that data as well. A caveat for
this scenario is the required high amplitude of the increase of the
acceleration rate.
On the other hand, the increase of the γ-ray flux due to a
reduction of B can happen in models in which cooling of elec-
trons with γ ∼ 105 is dominated by the synchrotron process. This
is the case for our models 2 and 2m. Fig. 14 shows a modified
model 2 (at φb/2pi = 0.9) reproducing the MAGIC flare spectrum.
Here the magnetic field is reduced by a factor of several, down to
B0 = 9×104 G, whereas all the other parameters remain unchanged.
There is a slight increase of the total power due to the increase of
γM related to the reduction of B (see equation 6 in Paper 1). The
radio/IR flux has decreased by a factor of several. The flux at > 0.2
TeV is almost completely due to the emission produced at z >∼ a.
Therefore, the effect of pair absorption is moderate, reducing the
flux at > 0.2 TeV by at most ∼ 30 per cent.
We note that the Alfve´n time scale, tA ≡ z tanΘj/vA, where
vA = c(1 + 1/σeq)−1/2 is the Alfve´n speed, can be rather short. In
model 2, vA ≃ c and hence tA ≃ 5 s at z = a (in the observer’s
frame). Also, the cooling time of γ >∼ 105 electrons (responsible for
upscattering of stellar blackbody photons to TeV energies) is <∼ 15
s in this model at z = a. Both times scales are therefore shorter than
the dynamic time at this height, which is ≃ 180 s, and significantly
shorter than the duration of the MAGIC flare of ≃ 5000 s. The
dynamical time scale is instead compatible (in both models) with
the observed TeV flux rise after the first half of the observation
(during which no TeV signal was detected; Albert et al. 2007).
An observational test between the two scenarios may be pro-
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Figure 12. The hard-state broad-band spectrum of Cyg X-1 for the model 1m. See Fig. 1 for the description of the data points and the color-coding of model
curves.
Figure 13. The simultaneous INTEGRAL/MAGIC X-ray–to–γ-ray flare
spectrum together with the flare observed by AGILE at a different time. The
solid curves show the soft injection (pair-absorbed) model spectra associ-
ated with an increase of Q(γ), as described in Section 3.4. The cyan dotted
curve shows the e-folded power-law fit of Malzac et al. (2008).
vided by radio measurements simultaneous with a possible future
TeV flare. In the first scenario, the electron injection rate strongly
increases, which would increase the radio fluxes (unless the in-
crease occurs only at the highest values of γ, in which case the radio
flux would remain constant). In contrast, a decrease of B in the sec-
ond scenario leads to a significant decrease of the radio fluxes, as
shown in Fig. 14. On the other hand, the reconnection event pos-
tulated in our model 2 might have led to an increased electron ac-
celeration rate. Thus, the actual flare could have happened due to a
combination of our two scenarios.
4 DISCUSSION
In the framework of our model, the electron energy losses are com-
pensated by a continuous injection of freshly accelerated particles
along the outflow, with the assumed constant rate per unit γ and unit
ln z. Then, there is an issue of a source of the energy injected in the
jet through the particle acceleration process. One possibility is the
energy associated with colliding shells at different bulk Lorentz fac-
tors, Γi (where the index i numbers the shells) in the internal shock
model (Jamil, Fender & Kaiser 2010; Malzac 2013). In this case,
electrons are likely accelerated via the diffuse 1st-order Fermi pro-
cess operating at shock fronts. Another possibility is the magnetic
energy source, in which case electrons may be accelerated directly
via magnetic reconnection and reconnection-driven turbulence.
In the first scenario, our assumed jet bulk Lorentz factor, Γj,
should be interpreted as the average of the shell Lorentz factors,
〈Γi〉. The available energy is, on the other hand, related to the
Lorentz factor dispersion, ∆Γi. Assuming ∆Γi ∼ 〈Γi〉 (which is
likely but not strictly required), the available power is comparable
to that of the jet kinetic luminosity Pi, which requires Pi >∼ Pinj in
order to account for the observed emission and associated adiabatic
losses. Table 2 gives the values of Pi corresponding to cold ions as-
sociated with relativistic electrons. Since ions may be not cold in
the jet rest frame, and since there are likely to be more ions than
that implied by the number density of relativistic electrons, the val-
ues provided represent lower limits only. In the model 1, the above
condition is always satisfied, and thus electrons can be readily ac-
celerated in shocks. In the other models, the given lower limits on
the ion power are < Pinj, and thus a large number of additional ions
is required for the shock model to be considered as plausible. Such
higher values of Pi would also be consistent with the estimates of
the jet kinetic power of Gallo et al. (2005) and Russell et al. (2007).
On the other hand, for the models 2 and 2m we obtain PB >
Pinj, and thus the reconnection-driven electron acceleration is plau-
sible in those models. We also note that all of the components of
the jet power for our models (see Table 2) are significantly below
the luminosity of the accretion flow in the hard state. Thus, the jet
can be powered by accretion in all the considered cases.
A related diagnostic is the value of the magnetization pa-
rameter, σeq. In order to enable a formation of strong hydrody-
namic shocks dissipating efficiently bulk kinetic energy of the
outflow to nonthermal particles, low or at most only moderate
plasma magnetization is allowed, σeq <∼ 1 (Sironi & Spitkovsky
2009; Lyubarsky 2010b; Mimica & Aloy 2010); this condition
is satisfied in models 1 and 1m. On the other hand, σeq >∼
1, as in our models 2 and 2m, is required for the efficient
magnetic-to-particle energy transfer via magnetic reconnection
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Figure 14. The simultaneous INTEGRAL/MAGIC X-ray–to–γ-ray spectrum of Cyg X-1 (Malzac et al. 2008; Albert et al. 2007; shown by crosses at ≥ 10 keV)
together with the average hard-state radio/IR spectrum. The solid curves illustrate the hard-injection (pair-absorbed) model for the MAGIC flare (associated
with a decrease of B) described in Section 3.4. The meaning of other symbols is the same as Fig. 1 except for the cyan dotted curve showing now the e-folded
power-law fit of Malzac et al. (2008) to the INTEGRAL spectrum.
process (Lyubarsky & Kirk 2001; Lyubarsky 2005; Lyubarsky
2010a and references therein; Kagan, Milosavljevic´ & Spitkovsky
2013; Sironi & Spitkovsky 2014).
Table 2 also gives the total (integrated over the jet volume)
rate of injection of relativistic electrons, Rinj, and the lower limit
on the flux of the electrons through the jet, Re (see Paper I). This
lower limit corresponds to the relativistic electrons only, whereas
there can be ‘cold’ electrons as well. If Rinj exceeds the actual value
of Re, electrons need to be accelerated more than once. Although
Rinj > Re is the case for all the models considered, the two numbers
are close to each other. Thus, only a moderate number of ‘cold’
electrons suffice for acceleration being a single event for an indi-
vidual electron.
We stress that our results depend on the value of the jet
opening angle, Θj, which we have assumed at the upper limit of
Stirling et al. (2001) of = 2◦. If it is lower, it will change the ob-
tained zm and B0, approximately satisfying zm/B1/40 ∝ Θ
−1/2
j (e.g.,
eq. 22 in Zdziarski et al. 2012). However, B0 is the major factor
determining the flux in the BBC component, and thus it is not con-
stant with changing Θj. For example, assuming Θj = 0.5◦ for the
model 1 and requiring the γ-ray flux to reproduce the Fermi data
result in ξm ≃ 1400 and B0 ≃ 6 × 103 G. Also, βeq increases by a
factor of ∼ 10 and σeq and PB decreases by the same factor. The
other parameters change only slightly.
The average broad-band spectrum of Cyg X-1 in the hard
state studied by us (see Fig. 1) includes the IR measurement of
the synchrotron turnover, Et0, from Rahoui et al. (2011). We can
see that the total IR flux (dominated by the stellar blackbody
and the wind emission) in the energy range fitted by Rahoui et al.
(2011) is much larger than their claimed jet component. Also,
Rahoui et al. (2011) used a broken power law in their fits whereas
theoretical considerations point to a rather gradual curvature (e.g.,
Hjellming & Johnston 1988; Zdziarski et al. 2012), as supported by
a number of observational findings (Russell et al. 2013). Indeed,
Russell et al. (2013) point out the uncertainty of that spectral break
measurement. Furthermore, there is a possible IR contribution from
synchrotron emission of hybrid (thermal+non-thermal) plasma in
the accretion flow (Veledina et al. 2011, 2013), which might affect
the non-stellar fluxes measured in that region. Our model parame-
ters do depend relatively sensitively on the actual value of Et0; e.g.,
we obtain ξm ≃ 360, B0 ≃ 1.7×104 G in the model 1 with Et0 = 0.3
eV. However, our general conclusions do not depend on it, as long
as Et0 is located around IR/optical frequencies.
Another uncertainty is the origin of the MeV tail, which can
be either from the jet or the accretion flow. As discussed in Sec-
tion 1, at the moment there is no compelling statistical evidence for
the former possibility. Therefore, we have discussed the jet models
which may account for the observed MeV tail (models 2 and 2m),
along with the models which are characterized by negligible MeV
fluxes (models 1 and 1m).
We also point out the fact that the observed synchrotron emis-
sion below the turnover frequency is contributed by both optically-
thick and optically-thin regions (e.g., Hjellming & Johnston 1988).
Given the slopes of this emission with the height (see Fig. 6), most
of that emission is from optically-thin regions. This invalidates the
polarization model of Cyg X-1 of Russell & Shahbaz (2014), who
assumed that the radio emission of Cyg X-1 originates entirely in
synchrotron self-absorbed medium. Since the maximum polariza-
tion degree in the optically-thick regime is much lower than that of
optically-thin synchrotron emission (Pacholczyk & Swihart 1967;
Scheuer & Williams 1968), Russell & Shahbaz (2014) concluded
that this is a possible reason for the low linear polarization of the
source at 5 GHz (with the derived upper limit <≃ 8 per cent;
Stirling et al. 2001). This, in turn, allowed their model polarization
of the fully optically-thin synchrotron emission to be high (almost
100 per cent, see fig. 1 therein). However, since the 5 GHz emis-
sion originates mostly from optically-thin parts of the jet, as shown
in Fig. 6, the low upper limit on its polarization implies that the
optically-thin synchrotron emission is also weakly polarized, with
a similar upper limit on the polarization as that measured at 5 GHz.
These considerations allow, in fact, to rule out our models 2
and 2m as a viable explanation of the very high MeV polariza-
tion in Cyg X-1 claimed by Laurent et al. (2011) and Jourdain et al.
(2012). In those models, the bulk of the observed MeV emission
originates from the ξ >∼ 103 regions (see Fig. 8), where the 5 GHz
emission is optically thin, and at most weakly polarized. If the
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MeV polarization is therefore real, more complex jet models are
required. In this context, the operation of the Soft Gamma-ray De-
tector on board the ASTRO-H satellite (Takahashi et al. 2012), en-
abling hard X-ray polarimetry of bright celestial sources, is much
anticipated.
We also comment here on the model of
Romero, Vieyro & Chaty (2014), in which the MeV polariza-
tion originates in a nonthermal corona around the black hole. It
appears that their equation (2) is in error. It gives the fractional
polarization from a magnetic field configuration with an axial sym-
metry, following the results of Korchakov & Syrovatskii (1962).
The fractional polarization is given by Romero et al. (2014) as a
function of the field components independent of the viewing angle
of the system. However, this appears impossible in the case of axial
symmetry, in which, e.g., viewing the system along the axis would
result in null net polarization. Indeed, the corresponding equations
(35–36) in Korchakov & Syrovatskii (1962) are given in terms of
the field components projected on the sky rather than the intrinsic
ones. Taking this into account introduces an additional factor
of sin2 i in equation (1) of Romero et al. (2014), which reduces
the polarization by a factor of 4.3 for our assumed inclination,
which is clearly much below the fractional polarization claimed by
Jourdain et al. (2012). This appears to rule out that model.
Our vertical profiles of radio emission, Fig. 6, can be tested
against jet radio maps of Cyg X-1. Stirling et al. (2001) found that
∼ 1/3–1/2 of the emission at 8.4 GHz is unresolved, with the res-
olution of 3 mas, corresponding to ≃ 50a for the distance and jet
inclination adopted here. Thus, our model 1 is characterized by a
deficit radio emission above 50a, what requires an additional source
of the energy dissipation at large radii. On the other hand, model 2
appears approximately consistent with the radio observations.
We have found that the BBC component (i.e., scattering of
stellar blackbody photons) strongly dominates over the SSC and
XC ones in high-energy γ-rays. This predicts a relative weakness
of high-energy γ-ray emission from low-mass X-ray binaries. So
far, this appears to be confirmed by the lack of a detection of any
such binary in the GeV range.
5 CONCLUSIONS
In this paper, we have applied the jet model developed in Paper I
to the average broad-band spectrum of Cyg X-1 in the hard state.
We take into account the new measurements and upper limits in
the 30 MeV–300 GeV range by Fermi-LAT of MZC13. We have
found that in γ-rays, the Compton scattering of blackbody photons
dominates over the SSC process, and that the resulting evaluated
jet emission accounts well for the observed LAT spectrum of the
source.
In the context of the recent controversial claim of a strong
polarization of Cyg X-1 at MeV photon energies, we have consid-
ered two different variants of the developed jet model. In one, the
observed MeV tail is assumed to originate in the accretion flow.
This model returns ‘standard’ parameters including soft injection
index of the radiating electrons, p >∼ 2, and the jet magnetic field
which can be close to the equipartition level. In the other model, the
MeV tail is accounted for by the jet synchrotron emission, so that
its strong (maximum) polarization is not, in principle, implausible.
We find that in this case the Fermi-LAT measurements impose very
tight constraints on the jet magnetic field, which has to be signif-
icantly above the equipartition level in order to avoid an overpro-
duction of GeV-energy γ-rays. Also, the electron injection index
has to be hard, p ∼ 1.5. Importantly, however, the bulk of the MeV
jet synchrotron emission turns out to originate in the same regions
as the jet radio emission. The strong observational upper limit on
the radio linear polarization (<∼ 8 per cent) rules therefore out any
strong MeV polarization in our model.
We have also modelled the TeV flare of Cyg X-1 observed by
MAGIC (Albert et al. 2007). We have speculated that it could have
been due to a magnetic reconnection event temporarily decreasing
the jet magnetic field, but only assuming hard electron injection.
Alternatively, it could have been due to a temporary increase of the
acceleration rate by a factor of, at least, ∼ 102, around γ >∼ 105, in
models with soft electron injection.
Finally, in Appendix A, we have derived equations describing
the electron distribution in jet regions above the dissipation region,
where the distribution is governed solely by the advection and ra-
diative losses. These equations allow for a very simple treatment
of jet models with acceleration taking place only close to the jet
base (Kaiser 2006; Pe’er & Casella 2009), in which case advection
is of a crucial effect at higher heights. This provides an important
extension to the results of Paper I.
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APPENDIX A: ELECTRON TRANSPORT BEYOND THE
DISSIPATION REGION
The evolution of N(γ, z) at z > zM is given by equation (4) (or, more
generally, equation 24 in Paper I) with null injection, Q(γ, z) ≡ 0,
and with the boundary condition at zM given by N(γ, zM) obtained
within the dissipation region. The general solution to this equation
in the notation of Paper I is found to be (cf. Stawarz et al. 2008)
˜N(γ, ξ) = (A1)
exp
{
−
∫ ξ
ξM
dξ′
∂γξ[γ′(γ, ξ; ξ′), ξ′]
∂γ′
}
˜N
[
γ′(γ, ξ; ξM), ξM], γ′ < γmax;
0 γ′ ≥ γmax,
where γmax is the maximum Lorentz factor in the distribution
˜N(γ′, ξM), and γ′ (> γ), the Lorentz factor at ξM corresponding
to γ at ξ, is given by the solution of equation (28) in Paper I. The
physical reason for the above condition is that the cooling can be
so fast that there is no Lorentz factor γ′ (even at γmax → ∞) at ξM
that can be cooled to a γ at ξ, see, e.g., fig. 3 in Paper I. Equation
(A1) is the counterpart of equation (29) in Paper I for ξ > ξM.
As noted in Paper I, much simpler solutions of the transport
equation can be obtained if the radiative losses are synchrotron and
Thomson. For a general dependence of the radiation + magnetic
energy density on ξ, γ′(γ, ξ; ξM) is given by equation (32) in Paper
I. The solution for the electron distribution in the notation of Paper
I for ξ > ξM (and γ ≫ 1) can be obtained from equation (A1) using
equations (A5–A7) of Stawarz et al. (2008). It is
˜N(γ, ξ) =

γ′2rj(ξM)2/3
γ2rj(ξ)2/3
˜N(γ′, ξM), γ′ < γmax;
0 γ′ ≥ γmax,
(A2)
where rj(z) is the local jet radius. The above equation is the coun-
terpart of equation (33) in Paper I for ξ > ξM.
If the jet is conical and has a constant speed, equation (A2)
becomes
N(γ, z) =

(
γ′
γ
)2 (
z
zM
)−8/3
N(γ′, zM), γ < γh(z);
0 γ ≥ γh(z),
(A3)
where γh(z) is the highest possible γ in N(γ, z > zM) corresponding
to γ′ < ∞. Since zM ≫ a, the dependence of the stellar radiation
energy density on z is ∝ z−2, the same as that of the magnetic one
for B ∝ z−1. In that case, we obtain an analytic solution for γ′ and
γh,
γ′(γ, z; zM) = γ(z/zM)
2/3
1 − 2γzm5γb0z
[(z/zM)5/3 − 1] , (A4)
γb0 ≡
Aad
AS + (a/zm)2ABBC , (A5)
γh(z) = 5γb0z2zm

(
z
zM
)5/3
− 1

−1
, (A6)
where Aad, AS, ABBC are defined by equations (9), (12), (14) in Pa-
per I, respectively, ABBC is to be calculated with the Doppler factor
at z ≫ a and the unit KN correction, γb0(z/zm) is the Lorentz fac-
tor of the radiative cooling break at z. The jet terminates at zh for
which γh(zh) = γ0. Equations (A4–A6) represent the counterparts
of equations (35–37) in Paper I for ξ > ξM. With the obtained dis-
tribution, we can calculate the spectral contributions and the power
lost adiabatically at z > zM.
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